An effect of rotation on a developed turbulent stratified convection is studied. Dependences of the hydrodynamic helicity, the ␣ tensor, and the effective drift velocity of the mean magnetic field on the rate of rotation and an anisotropy of turbulent convection are found. It is shown that in an anisotropic turbulent convection the ␣ effect can change its sign depending on the rate of rotation. The evolution of the ␣ effect is much more complicated than that of the hydrodynamic helicity in an anisotropic turbulent convection of a rotating fluid. Different properties of the effective drift velocity of the mean magnetic field in a rotating turbulent convection are found: ͑i͒ a poloidal effective drift velocity can be diamagnetic or paramagnetic depending on the rate of rotation; ͑ii͒ there is a difference in the effective drift velocities for the toroidal and poloidal magnetic fields; ͑iii͒ a toroidal effective drift velocity can play a role of an additional differential rotation. The above effects and an effect of a nonzero divergence of the effective drift velocity of the toroidal magnetic field on a magnetic dynamo in a developed turbulent stratified convection of a rotating fluid are studied. Astrophysical applications of the obtained results are discussed.
I. INTRODUCTION
The turbulent transport of particles and magnetic fields was intensively studied for the Navier-Stokes turbulence ͑see, e.g., Refs. ͓1-4͔͒. However, there are a number of applications with other kinds of turbulence, e.g., turbulent convection. For instance, in the Sun and stars there is a developed turbulent convection that is strongly influenced by a fluid rotation.
The mean-field theory of magnetic field was, in general, developed for the Navier-Stokes turbulence without taking into account turbulent convection ͑see, e.g., Refs. ͓5-12͔͒. In particular, the dependences of the ␣ effect, the effective drift velocity, and the turbulent magnetic diffusion on the rate of rotation were found only for the Navier-Stokes turbulence ͑see, e.g., Refs. ͓13-16͔͒, in spite of the fact that in many astrophysical applications there are turbulent convection regions. A turbulent convection in different situations has been studied mainly by numerical simulations ͑see, e.g., Refs.
͓17-23͔͒.
In this paper we study an influence of rotation on a developed turbulent stratified convection. This allows us to find the dependences of the hydrodynamic helicity, the ␣ tensor, and the effective drift velocity of the mean magnetic field on the rate of rotation.
This study has a number of applications in astrophysics. In particular, the evolution of the mean magnetic field in the kinematic approximation ͑without taking into account a twoway coupling of the mean magnetic field and turbulent fluid flow͒ can be described in terms of propagating waves with a growing amplitude, i.e., the magnitude of the mean magnetic field B is given by
where B 0 is a seed magnetic field, ␥ B is the growth rate of the mean magnetic field, B and k are the frequency and the wave vector of a dynamo wave. In the Sun, e.g., according to the magnetic field observations, these dynamo waves with the ϳ22 yr period propagate to the equator ͑see, e.g., Refs. ͓5-8,10͔͒. The magnetic field is generated in the turbulent convective zone inside the Sun. The growth of the mean magnetic field is a combined effect of a nonuniform fluid rotation ͓the differential rotation, "(␦⍀)] and helical turbulent motions ͑the ␣ effect͒. The direction of propagation of the dynamo waves is determined by the sign of the parameter ␣͓‫␦(ץ‬⍀)/‫ץ‬r͔, where r,, are the spherical coordinates and ⍀ is the angular velocity. When the parameter ␣͓‫␦(ץ‬⍀)/‫ץ‬r͔ is negative, the dynamo waves propagate to the equator. The helioseismology shows that in the solar convective zone, ‫␦(ץ‬⍀)/‫ץ‬rϾ0, and the existing theories yield ␣Ͼ0. This results in the fact that the dynamo waves should propagate to the pole, in contradiction with the solar magnetic field observations ͑see, e.g., Refs. ͓5-8,10͔͒. In this study we found that in a developed turbulent convection the ␣ effect can change its sign depending on the rate of rotation and an anisotropy of turbulence. In the lower part of the solar convective zone the fluid rotation is very fast in comparison with the turnover time of turbulent eddies. In this region ␣Ͼ0. In the upper part of the solar convective zone the fluid rotation is very slow and ␣Ͻ0. This explains the observed properties of the solar dynamo waves. The growth of the mean magnetic field is saturated by nonlinear effects ͑see, e.g., Refs. ͓24 -28͔͒. The 22-yr solar magnetic activity is also poorly understood. A characteristic time of the turbulent magnetic diffusion in the solar convective zone is of the order of 2-3 yr and it cannot explain the characteristic time of solar magnetic activity. We found that the fast rotation causes an additional effective drift velocity of a *Electronic address: nat@menix.bgu.ac.il mean magnetic field that can increase the period of the dynamo waves and provides the 22-yr solar magnetic activity.
II. THE GOVERNING EQUATIONS AND THE METHOD OF DERIVATIONS
Our goal is to study an effect of rotation on a developed turbulent stratified convection. This allows us to derive dependences of the hydrodynamic helicity, the ␣ effect, and the effective drift velocity of the mean magnetic field on the angular velocity. To this end we consider a fully developed turbulent convection in a stratified rotating fluid with large Rayleigh and Reynolds numbers. The governing equations are given by Du Dt
where u is the fluid velocity with "•uϭ⌳•u, D/Dtϭ‫ץ/ץ‬t ϩu•", ⍀ is the angular velocity, g is the gravity field that includes an effect of the centrifugal force, 0 f is the viscous force, F (S) is the thermal flux that is associated with the molecular thermal conductivity, ⌳ϭϪ 0
Ϫ1
" 0 , and
The variables with the subscript 0 corresponds to the hydrostatic equilibrium ͑i.e., the hydrostatic basic reference state͒:
and T 0 is the equilibrium fluid temperature, Sϭ P/␥ P 0 Ϫ/ 0 are the deviations of the entropy from the hydrostatic equilibrium, P and are the deviations of the fluid pressure and density from the hydrostatic equilibrium. The BruntVäisälä frequency ⍀ b is determined by the equation
To derive Eq. ͑2͒ we use the identity Ϫ" P ϩgϭϪ 0 ͓"( P/ 0 )ϩgSϪ PN b / 0 ͔, where we assumed that ͉PN b / 0 ͉Ӷ͉gS͉, ͉PN b / 0 ͉Ӷ͉"( P/ 0 )͉. This assumption corresponds to a nearly isentropic basic reference state when N b is very small. For the derivation of this identity we also used Eq. ͑4͒. We also consider a low-Mach-number fluid flow with a very small frequency ⍀ b , i.e., ͉⍀ b ͉Ӷͱg⌳ and
, where is the correlation time of the turbulent velocity field. Equations ͑2͒ and ͑3͒ are written in the Boussinesq approximation for "•u 0. This is more usually called ''the anelastic approximation.'' Now we consider a purely hydrostatic isentropic basic reference state, i.e., ⍀ b ϭ0 (N b ϭ0). Thus the turbulent convection is regarded as a small deviation from a well-mixed adiabatic state ͑for more discussion, see Ref. ͓29͔͒. We will use a mean-field approach whereby the velocity, pressure, and entropy are separated into the mean and fluctuating parts. Using Eqs. ͑2͒ and ͑3͒ we derive equations for the turbulent fields: v z ϭͱ 0 (z)u z , wϭͱ 0 (z)("ϫu) z , and s ϭͱ 0 (z)(SϪS ), where S ϵ͗S͘ is the mean entropy, the angular brackets denote ensemble averaging, and for simplicity we consider turbulent flow with zero mean velocity. Here 0 (z) is a dimensionless density measured in the units of 0 (zϭ0). The equations for the turbulent fields are given by
where ⍀ b 2 ϭϪg•"S ; ⌬ Ќ ϭ⌬Ϫ‫ץ‬ 2 /‫ץ‬z 2 ; V N , W N , and S N are the nonlinear terms which include the molecular dissipative terms ͓see Eqs. ͑A10͒-͑A12͒ in Appendix A͔; the field g is directed opposite to the axis z; and ⍀ϭ(⍀ x ,0,⍀ z ). We assumed here that ⌳ Ϫ1 ͉‫ץ/⌳ץ‬z͉Ӷ⌳. Equation ͑5͒ follows from Eq. ͑2͒ after the calculation ͓"ϫ("ϫu)͔ z .
By means of Eqs. ͑5͒-͑7͒ we derive dependences of the hydrodynamic helicity, the ␣ effect, and the effective drift velocity on the angular velocity. The procedure of the derivation is outlined in the following ͑for details, see Appendixes A-C͒.
͑a͒ Using Eqs. ͑5͒-͑7͒ we derive equations for the following second moments:
where L (a,b)ϭ͗a(k)b(Ϫk)͘ and vϭͱ 0 (z)u. The equations for these correlation functions are given by Eqs. ͑A4͒-͑A9͒ in Appendix A. In this derivation we assumed that ⌳ 2 Ӷk 2 . ͑b͒ The equations for the second moments contain third moments and a problem of closing the equations for the higher moments arises. Various approximate methods have been proposed for the solution of problems of this type ͑see, e.g., Refs. ͓1,30,31͔͒. The simplest procedure is the approximation, which is widely used in the theory of kinetic equations. For magnetohydrodynamic turbulence, this approximation was used in Ref. ͓32͔ ͑see also Refs. ͓27,33,34͔͒. One of the simplest procedures, which allows us to express the third moments f N , N , . . . ,⌰ N in Eqs. ͑A4͒-͑A9͒ in terms of the second moments, reads
and similarly for other third moments, where f (k) ϭe i e j f i j (k), e is the unit vector directed along the axis z, the superscript (0) corresponds to the background turbulent con-vection ͑it is a turbulent convection without rotation, ⍀ ϭ0), and (k) is the characteristic relaxation time of the statistical moments. Note that we applied the approximation only to study the deviations from the background turbulent convection which is caused by the rotation. The background turbulent convection is assumed to be known. The approximation is, in general, similar to eddy damped quasinormal markowian ͑EDQNM͒ approximation. However, there is a principle difference between these two approaches ͑see Refs. ͓30,31͔͒. The EDQNM closures do not relax to equilibrium, and this procedure does not describe properly the motions in the equilibrium state, in contrast to the approximation. Within the EDQNM theory, there is no dynamically determined relaxation time, and no slightly perturbed steady state can be approached ͓30͔. In the approximation, the relaxation time for small departures from equilibrium is determined by the random motions in the equilibrium state, but not by the departure from equilibrium Ref. ͓30͔ . As follows from the analysis performed in ͓30͔ the approximation describes the relaxation to the equilibrium state ͑the background turbulent convection͒ more accurately than the EDQNM approach.
Note that we analyzed the applicability of the approximation for the description of the mean-field dynamics of the mean magnetic field and mean scalar fields by comparing the derived mean-field equations using other methods such as the path-integral approach and the renormalization group approach ͑see Refs. ͓35-39͔͒. This comparison showed that the approximation yields results similar to those obtained by means of the other methods.
͑c͒ We assume that the characteristic times of variation of the second moments f (k),(k), . . . ,⌰(k) are substantially larger than the correlation time (k) for all turbulence scales. This allows us to determine a stationary solution for the second moments f (k),(k), . . . ,⌰(k) ͓see Eqs. ͑A22͒-͑A30͒ in Appendix A͔.
͑d͒ For the integration in k space of the second moments f (k),(k), . . . ,⌰(k), we have to specify a model for the background turbulent convection ͑without rotation͒. Here we use the following model of the background turbulent convection, which will be discussed in greater details in Appendix D:
where
is the degree of anisotropy of the turbulent velocity field u ϭu Ќ ϩu z e.
, e i j ϭe i e j , and is the degree of anisotropy of the turbulent flux of entropy ͑see below͒. We assume
1Ϫq , 1ϽqϽ3 is the exponent of the kinetic energy spectrum ͑e.g., qϭ5/3 for the Kolmogorov spectrum͒, k 0 ϭ1/l 0 , l 0 is the maximum scale of turbulent motions, 0 ϭl 0 /u 0 , and u 0 is the characteristic turbulent velocity in the scale l 0 . Motion in the background turbulent convection is assumed to be nonhelical. In Eqs. ͑9͒ and ͑10͒ we neglected small terms ϳO(⌳ f * ) and ϳO(⌳⌽ z *), respectively. Now we calculate
Note that Ϫ4/3рϽϱ. The lower limit of follows from the condition f xx (0) у0 ͑or f yy (0) у0). Similarly, using Eqs. ͑10͒-͑12͒ we obtain ⌽ (0)
The parameter can be presented in the form
where l Ќ and l z are the horizontal and vertical scales in which the two-point correlation function ⌽ z (0) (r)ϭ͗s(x)u(x ϩr)͘ tends to zero. The parameter determines the degree of thermal anisotropy. In particular, when l Ќ ϭl z , the parameter ϭ0 and ϭ1. For l Ќ Ӷl z , the parameter ϭϪ1, and ϭϪ3/(qϪ1). The maximum value max of the parameter is given by max ϭqϪ1 for ϭ3. Thus, for Ͻ1 the thermal structures have the form of column or thermal jets (l Ќ Ͻl z ), and for Ͼ1 there exist the two-dimensional ͑2D͒ droplet thermal structures (l Ќ Ͼl z ) in the background turbulent convection.
The relationship between ⌽ z * and f * follows from Eq.
͑A1͒ for the kinetic turbulent energy 0 ͗u 2 ͘, and it is given by f * ϭ2g 0 ⌽ z */, where ϭ2␦ * /(ϩ2) and ␦ * ϭ(3 Ϫq)/2(qϪ1). Note that for the Kolmogorov spectrum, q ϭ5/3 and ␦ * ϭ1. In Sec. III we will present results for ␦ * ϭ1. For the integration in k space we used identities given in Appendixes B and C. Thus, the ''input parameters'' in the theory include the parameters that describe the model of background turbulent convection, i.e., the degree of anisotropy of the turbulent velocity field , the degree of anisotropy of the turbulent flux of entropy , the maximum scale of turbulent motions l 0 , the turbulent velocity u 0 ϵͱ͗u 2 ͘ϭ ͱf pp (0) ͑the rms velocity͒ in the maximum scale of turbulent motions, and the exponent of the kinetic energy spectrum q. The input parameters also include the density stratification length ⌳ and the angular velocity ⍀. Note that f * ϭu 0 2 /(1ϩ/2) and ⌽ z * ϭu 0 2 /(2␦ * g 0 ). The above described procedure allows us to determine the dependences of the hydrodynamic helicity, the ␣ effect, and the effective drift velocity of the mean magnetic field on the rate of rotation.
The considered model of a background turbulent convection written in k space is general enough and does not contradict the known Nusselt number dependences on the Rayleigh number. On the other hand, the observations of the turbulent convection on the surface of the Sun cannot give the Nusselt number dependence on the Rayleigh number, i.e., it is possible to obtain only one point in this curve. The parameters , u 0 , l 0 , ⍀, etc. can be calculated from the solar observations. In addition, the direct numerical simulations of turbulent convection ͑see Refs. ͓18,22,23͔͒ are in agreement with our model of turbulent convection.
III. EFFECT OF ROTATION
In this section we present the results of the calculations ͑described above͒ for the hydrodynamic helicity, the ␣ effect, and the effective drift velocity of the mean magnetic field as the functions of the rate of rotation and the anisotropy of turbulence.
A. The hydrodynamic helicity
Using Eqs. ͑A34͒ and ͑A38͒ in Appendix A we find the dependence of the hydrodynamic helicity (v) ϭ͗u•("ϫu)͘ on the angular velocity:
͑for details, see Appendix A͒, where ϭ4 0 ⍀, l 0 ϭu 0 0 , u 0 2 ϭ2g 0 ⌽ z *␦ * , sin l ϭ •e, l is the latitude, ϭ⍀/⍀, e is the unit vector directed along the z axis, L ϭ⌳ Ϫ1 , and the functions ⌿ m () are given by Eqs. ͑C1͒ in Appendix C.
Hereafter, we assume that ␦ * ϭ1. For a slow rotation ( Ӷ1) the hydrodynamic helicity (v) is given by
and for ӷ1 it is given by
Note that the meaning of ϵ4⍀ 0 ӷ1 is large, but only up to some upper limit, i.e., an intermediate range of values. This implies that the rotation cannot be so fast as to affect the correlation time (k) of turbulent velocity field in its inertial range. Also we assumed that the parameters and are independent of .
B. The ␣ effect
Now we find the dependence of the ␣ effect on the angular velocity. To this end we use the induction equation for the magnetic field
where is the magnetic diffusion due to the electrical conductivity of the fluid. The magnetic field H is divided into the mean and fluctuating parts: HϭBϩb, where the mean magnetic field Bϭ͗H͘ and b is the fluctuating field. An equation for hϭͱ 0 b follows from Eq. ͑20͒ and is given by
where H N are the nonlinear terms that also include the magnetic diffusion term ͓see Eq. ͑A47͒ in Appendix A͔. In order to derive an equation for the ␣ tensor, we introduce the electromotive force
͑see, e.g., Ref. ͓40͔ and Appendix A͒, where the tensors ␣ i j and i j describe the ␣ effect and turbulent magnetic diffusion, respectively, V eff is the effective diamagnetic ͑or paramagnetic͒ velocity, i jk and ␦ describe a nontrivial behavior of the mean magnetic field in an anisotropic turbulence, B i, j ϭٌ j B i , and (‫ץ‬B ) i j ϭ(1/2)(B i, j ϩB j,i ). The ␣ tensor ␣ i j is determined by a symmetric part of the tensor a i j , i.e., by a i j (S) ϵ(1/2)(a i j ϩa ji ). The tensor a i j is calculated in Appendix A. The ␣ tensor is given by
͑for details, see Appendix A͒, where i j ϭ i j , e i j ϭe i e j , and the functions ⌿ m () are given by Eqs. ͑C1͒ in Appendix C. Here we present asymptotic formulas for the isotropic part (␣ i j (isotr) ϵ␣␦ i j ) of the ␣ tensor. For a slow rotation ( Ӷ1) the parameter ␣ is given by
͑24͒
It is seen from Eqs. ͑18͒ and ͑23͒ that for a slow rotation and isotropic background turbulent convection (ϭ1 and ϭ0), the parameter ␣ϷϪ(5/27) 0 (v) , where (v) ϭ͗u•("ϫu)͘. However, when the rotation is not slow, the latter relationship is not valid. The ␣ effect depends on the degrees of the velocity anisotropy and the thermal anisotropy . Asymptotic formulas for a slow rotation (Ӷ1) and for ӷ1 show that there are several characteristic ranges of parameters with different behaviors of the ␣ effect. In Fig. 1͑a͒ these ranges are separated by the lines ϭ3(3Ϫ2), ϭ3(1Ϫ/2), and ϭ6 Ϫ5/2, where Ϫ2ϽϽ2, Ϫ9/2ϽϽ3, and 0р l р/2. Here ϭ2/(ϩ2). In ranges I and II the ␣ effect does not change its sign for all ⍀ 0 and l . In particular, in range I, ␣Ͼ0, and in range II, ␣Ͻ0. In range V the ␣ effect changes its sign at a certain value of ⍀ 0 for all l . In ranges III and IV the ␣ effect changes its sign at a certain value of ⍀ 0 and a certain range of latitudes l . In range III the degree of thermal anisotropy Ͼ1 ͑which corresponds to the 2D droplet small-scale thermal structure of the background turbulent convection͒, and in range IV the degree of thermal anisotropy Ͻ1 ͑i.e., a columnlike thermal structure͒. The ␣ effect can be negative for a slow rotation only in range II. Note that the negative ␣ effect corresponds to the propagation of the solar dynamo waves to the equator.
Our analysis shows that when the rotation is not slow, the ␣ effect is determined not only by the contributions from the hydrodynamic helicity, but also its behavior is much more complicated in a rotating fluid. In order to demonstrate this, we plotted in Figs. 2-4 the dependences of the ␣ effect ͑solid line͒ and ␣ ϵϪ(1/3) 0 (v) ͑dashed line͒ on the parameter ⍀ 0 for different latitudes ͑Fig. 2 is for the latitude l ϭ15°, Fig. 3 is for l ϭ35°, and Fig. 4 is for l ϭ90°). Here the parameters ␣ and ␣ are measured in units of l 0 u 0 /4L . Figures 2-4 demonstrate that the functions ␣(⍀ 0 ) and ␣ (⍀ 0 ) are totally different. For example, in the case ϭ13 and ϭ0, the ␣ effect and ␣ have opposite signs for all ⍀ 0 ͓see Fig. 4͑c͔͒ . Figure 1͑b͒ shows the ranges of parameters ( and ) with different behaviors of ␣ . In Fig. 1͑b͒ these ranges are separated by lines ϭ(9/41)(25/12Ϫ1) and ϭ0, where Ϫ2ϽϽ2 and Ϫ9/2ϽϽ3. The numeration of the ranges in Fig. 1͑b͒ for ␣ is the same as for the parameter ␣ in Fig.  1͑a͒ . A comparison of Figs. 1͑a͒ and 1͑b͒ shows that ranges III and IV ͑whereby the ␣ effect changes its sign at a certain value of ⍀ 0 and a certain range of the latitudes l ) do not exist for ␣ . On the other hand, there is a new range ͑range VI͒ in Fig. 1͑b͒ whereby the sign of ␣ changes from negative for a slow rotation to positive for ӷ1. The locations of ranges II and V for ␣ are different from that of the ␣ effect. Therefore, the behaviors of the parameter ␣ and the ␣ effect are different in a rotating fluid.
The dependences of the ␣ effect on the latitude l for different values of the degrees of anisotropy and , and different values of the parameter ⍀ 0 are shown in Fig. 5 . It is seen in Fig. 5͑b͒ that the ␣ effect changes its sign at l Ϸ20°-40°for ⍀ 0 ϭ5 ͑this value of ⍀ 0 corresponds to the lower part of the solar convective zone͒.
In view of the applications to astrophysics, the case with the negative ␣ effect for l Ͼ0 is most important because this provides a propagation of the solar dynamo waves to the equator according to the solar observations ͑see, e.g., Refs. ͓5-8,10͔͒.
C. The effective drift velocity of the mean magnetic field
Now we determine the effective drift velocity V k
of the mean magnetic field using Eq. ͑A69͒, where a i j (AS) ϭ(1/2)(a i j Ϫa ji ) and
͑for details, see Appendix A͒, where r,, are the spherical coordinates, l ϭ/2Ϫ, ϫeϭcos l e , ϭe sin l Ϫe cos l , and the functions E k () are given in Appendix C. For a slow rotation (Ӷ1) the effective drift velocities are given by
and for ӷ1 they are given by
For ϭ0 this effective drift velocity V (1) corresponds to the well-known turbulent diamagnetic velocity ͑see, e.g., Refs. ͓5-9͔͒. Indeed, since we suggested that "(͗u 2 ͘)Ϸ0, thus "͗u 2 ͘/͗u 2 ͘ϷL Ϫ1 e and Eq. ͑27͒ for ϭ0 reads where 0 ϭl 0 /u 0 . Figure 6 shows the effective drift velocities V
(1) and V r (1) as functions of the parameter ⍀ 0 for different values of the degrees of anisotropy.
The effective drift velocity V (2) causes an additional differential rotation. Indeed, let us introduce the angular velocity difference ␦⍀, which is determined from the identity
Comparison of this definition with Eqs.
͑28͒ and ͑30͒ yields equations for ␦⍀(r)ϰr Ϫ1 . Calculating the r derivatives of ␦⍀(r), we obtain equations that determine the differential rotation for a slow rotation (Ӷ1),
and for ӷ1,
The electromotive force has a term a i j (c) B j , which for an axisymmetric case contributes only to an additional effective drift velocity V (3) of the mean magnetic field, i.e.,
͑for details, see Appendix A͒, where BϭB T ϩB p is the mean magnetic field with toroidal, B T , and the poloidal, B p , components, the tensor a i j (c) is determined by Eq. ͑A59͒, and the additional effective drift velocity is given by
͑for details, see Appendix A͒. Note that for a slow rotation (Ӷ1) the additional effective drift velocity is very small, i.e., V (3) ϳO( 2 ), and for ӷ1 it is given by
Now we determine the total effective drift velocity in an axisymmetric case: 
Therefore, the effective drift velocities V (B) and V (A) for the toroidal and poloidal magnetic fields are different. The additional effective drift velocity V (3) is a result of an interaction of turbulent convection with inertial waves and Rossby waves. Indeed, a part of the tensor a i j (c) (k)ϰ ⍀ R , where ⍀ ϭ2(⍀•k)/k is the frequency of the inertial waves and R ϭ2⌳⍀ x k y /k 2 is the frequency of Rossby waves ͓see Eqs. ͑34͒ and ͑A37͔͒.
IV. DISCUSSION
In this paper we have studied an effect of rotation on a developed turbulent stratified convection. This allowed us to determine the dependences of the hydrodynamic helicity, the ␣ tensor, and the effective drift velocity of the mean magnetic field on the rate of rotation and an anisotropy of turbulence. We demonstrated that in a turbulent convection, the ␣ effect can change its sign depending on the rate of rotation and an anisotropy of turbulence. We found different properties of the effective drift velocity of the mean magnetic field in a rotating turbulent convection. In particular, a poloidal effective drift velocity can be diamagnetic or paramagnetic depending on the rate of rotation. There is a difference in the effective drift velocities for the toroidal and poloidal magnetic fields, which increases with the rate of rotation. We found also a toroidal effective drift velocity that can play a role of an additional differential rotation.
Some of the results obtained in our paper using the approximation are observed in the direct numerical simulations of the stratified turbulent convection ͑see Ref. ͓23͔͒. In particular, it was found in Ref. ͓23͔ that the ␣ effect can change its sign depending on the rate of rotation. It was also demonstrated in Ref. ͓23͔ that there is a difference in the effective drift velocities for the toroidal and poloidal magnetic fields, and that an observed toroidal effective drift velocity in Ref. ͓23͔ can play the role of an additional differential rotation. Now we apply the obtained results for the analysis of an axisymmetric ␣⍀ dynamo. The mean magnetic field in an axisymmetric case is given by BϭBe ϩ"ϫ(Ae ), where A is the vector potential. The equations for B and A in dimensionless form are given by
where the length is measured in units of the thickness of the convective zone, L c , the time is measured in units of L c 2 / T , the velocity is measured in units of T /L c , the turbulent magnetic diffusion T ϭl 0 u 0 /3, u 0 is the characteristic turbulent velocity in the scale l 0 , DϭR ␣ R is the dynamo number, R ␣ ϭL c ␣ * / T , and R ϭL c 2 (␦⍀) * / T . Here ␣ is measured in units of the maximum value ␣ * of the ␣ effect, (␦⍀) * is the characteristic differential rotation in the scale 
•e k , and ␥ ϭ␥ B ϩi B . In the limit of large dynamo number ͉D͉ the maximum growth rate of the mean magnetic field ␥ B is given by
which is achieved at the wave number k m ϭ(1/2)(͉D͉/4) 
Ϫ͑1/2͒U
(1) ͉͑D͉/4͒
The negative sign of B implies that the dynamo waves propagate to the equator, in agreement with the solar magnetic field observations. On the other hand, the divergence of the effective drift velocity V (B) of the toroidal magnetic field can cause an increase of the growth rate of the mean magnetic field when Ͼ0. The change of the sign of the ␣ effect depending on the rate of rotation and anisotropy of turbulent convection ͑see Sec. III B͒ can explain the observed direction of propagation of the solar dynamo waves.
Note that a meridional circulation in the solar convective zone can also cause an equatorward drift of the solar dynamo wave ͑see, e.g., Refs. ͓5,42,43͔͒. However, it was shown recently in Ref. ͓44͔ that the meridional velocity, which is required for the equatorward propagation of the solar dynamo wave with the period ϳ22 yr, should be of the order of ϳ10-12 m/s. Such large meridional velocities are not observed on the solar surface. On the other hand, we found that the effective drift velocities of the mean magnetic field have a meridional component ͑along e ). This velocity has the maximum (V (1) ) max ϳ10-12 m/s in the upper part of the solar convective zone. Therefore, this meridional effective drift velocity of the mean magnetic field can cause the equatorward propagation of the solar dynamo wave in the upper part of the solar convective zone. Note that the meridional circulations in the solar convection zone and the meridional component of the effective drift velocities of the mean magnetic field are different characteristics, because the first velocity describes large-scale fluid motions ͑which may cause advection of the mean magnetic field by the large-scale fluid motions, i.e., by the mean flow͒ and the second velocity determines the drift velocity of the mean magnetic field ͑which is originated from the mean electromotive force Eϭ͗uϫb͘).
We found also that in the upper part of the solar convective zone, the ␣ effect does not change its sign, i.e., it is positive. But in the lower part of the solar convective zone the ␣ effect changes its sign, because the parameter ⍀ 0 increases with the increase of the depth of the solar convective zone, and the ␣ effect becomes negative. Therefore, in the lower part of the solar convective zone the negative ␣ effect is responsible for the equatorward propagation of the solar dynamo waves. On the other hand, the meridional effective drift velocity of the mean magnetic field in the lower part of the solar convective zone is very small and, thus, it cannot be used for the explanation of the equatorward propagation of the solar dynamo wave.
Therefore, both effects, the meridional effective drift velocity of the mean magnetic field in the upper part of the solar convective zone and the sign reversal of the ␣ effect in the lower part of the solar convective zone, can cause the equatorward propagation of the solar dynamo wave.
Note that in the present study we did not discuss the magnetic buoyancy effects which play an important role in the creation of strongly inhomogeneous magnetic structures ͑see, e.g., Refs. ͓6,34,35,45,46͔͒. 
The conservation equations
Equations ͑2͒ and ͑3͒ yield the following conservation equations for the kinetic energy W u ϭ 0 u 2 /2 and for W S ϭ 0 S 2 /2:
where the source terms in these equations are I u ϭϪ 0 (u•g)S and I S ϭϪI u ⍀ b 2 /g 2 , the dissipative terms are D u ϭϪ 0 (u•f ) and D S ϭ 0 S"•F , the fluxes are F u ϭu(W u ϩ P) and F S ϭuW S . Equations ͑A1͒ and ͑A2͒ yield
where the dissipative term is D E ϭD u ⍀ b 2 /g 2 ϩD S and the
does not have a source term and it implies that without the dissipation (D E ϭ0) the value ͐W E dV is conserved, where in the latter formula the integration over the volume is performed. For the convection ⍀ b 2 Ͻ0 and, therefore, W S ϷW u ͉⍀ b 2 ͉/g 2 . Averaging Eq. ͑A1͒ over an ensemble of fluctuations we obtain a relationship between the flux of the entropy and the dissipation of the kinetic energy in a stationary turbulent convection: ͗u i S͘g i ϭ͗u•f ͘. Similarly, averaging Eq. ͑A3͒ over an ensemble of fluctuations we obtain ͗u 2 ͘ϭ͗S 2 ͘(g
Equation ͑A1͒ yields the relationship between ⌽ z * and f * : f * ϭ2g 0 ⌽ z */.
Modification of turbulent convection by rotation
Now we study a modification of turbulent convection by rotation. To this end we derive equations for the following second moments: 
͑A4͒
‫͑ץ‬k͒ ‫ץ‬t
and similarly for other second moments, f N , N , . . . ,⌰ N are the third moments, which are given by 
2 . We assumed that (1/4)⌳ 2 Ӷk 2 . Now we introduce the following variables:
which allow us to rewrite Eqs. ͑A4͒-͑A9͒ as follows:
where we have neglected small terms proportional to ⍀ b 2 /g. Next, we use the approximation, which allows us to express the third moments f N , N (p) , . . . ,⌰ N in Eqs. ͑A13͒-͑A21͒ in terms of the second moments ͓see Eqs. ͑8͔͒, where the superscript (0) corresponds to the background turbulent convection ͑it is a turbulent convection without rotation, ⍀ ϭ0), and (k) is the characteristic relaxation time of the statistical moments. We consider the background turbulent convection with (0) (k)ϭ0. We assume that the characteristic times of variation of the second moments f (k), p (k), . . . , ⌰(k) are substantially larger than the correlation time (k) for all turbulence scales. This allows us to get a stationary solution of Eqs. ͑A13͒-͑A21͒:
where we have changed
and
Here we neglected the terms ϳO͓(⌳l 0 ) 2 ͔. We will show below that the first term in Eq. ͑A23͒, R
(1) (k)ϭϪ ⌳ 1 (k), contributes to the ␣ effect, whereas the second term in Eq. ͑A23͒, R (2) (k) ϭk ⍀ R 2 (k), contributes to the additional effective drift velocity. Thus, Eqs. ͑A22͒-͑A30͒ describe a modification of turbulent convection by rotation.
The correlation tensor of velocity field
The functions f (k), G(k), and (k) determine the correlation tensor f i j (k)ϵ͗v i (k)v j (Ϫk)͘:
For the derivation of Eqs. ͑A32͒ and ͑A33͒ the velocity v Ќ is written as a sum of the vortical and the potential components, i.e., v Ќ ϭ"ϫ(Ce)ϩ" Ќ , where
ϭk Ќ 2 i jp k p ͑see, e.g., Ref. ͓47͔͒. In Eq. ͑A33͒ we neglected the terms ϳO͓(⌳l 0 ) 2 ͔. We will use Eqs. ͑A32͒ and ͑A33͒ for the calculation of the hydrodynamic helicity and the ␣ effect.
The hydrodynamic helicity
Now we find the dependence of the hydrodynamic helicity (v) ϭ͗u•("ϫu)͘ on the rate of rotation and anisotropy of turbulence. In k space the hydrodynamic helicity is given by (v) 
where we have used Eqs. ͑A32͒ and ͑A33͒. The function exp(⌳z) in Eq. ͑A34͒ implies that we have used the transformation uϭexp(⌳z/2)v. Equation ͑A34͒ can be rewritten as
where ϭ⍀/⍀ and we have used the identity
, and Ī i jmn (z) are determined by Eqs. ͑B1͒ and ͑B2͒ of Appendix B, and the exponent p ϭ1,2,3,4 is determined by p in the expressions for the hydrodynamic helicity, the ␣ effect, and the effective drift velocity ͑see below͒. For example,pϭ1,2 in Eq. ͑A38͒. Equation ͑A38͒ yields the angular velocity dependence of the hydrodynamic helicity (v) , which is given by Eq. ͑17͒.
The electromotive force
In order to derive an equation for the ␣ tensor, we introduce the electromotive force
͘ is the crosshelicity tensor. Using the equation for vϭ"ϫ(Ce)ϩ" Ќ ϩv z e, we obtain
where j (c) (k)ϭe i i j (c) (k)ϭL (v z ,h j ) and (k)ϭL (w,h). Using Eqs. ͑5͒-͑7͒ and ͑21͒, we derive equations for (k), (c) (k), and (k)ϭL (s,h):
where N , N (c) , and N are the third moments:
kϭkϩ(i⌳/2)e; and (w) (k)ϵL (w,v) is given by (w) 
Note that (k)ϭ (w) (k)•e. Now we use the approximation and assume that the characteristic times of variation of the second moments , , and (c) are substantially larger than the correlation time (k) for all turbulence scales. This allows us to get a stationary solution of Eqs. ͑A44͒-͑A46͒:
and (k)ϭI (s) , where we changed R → R , ⍀ → ⍀ , ⌳ → ⌳ . Now we take into account that a general form of the electromotive force is given by 
where a i j (S) ϭ(1/2)(a i j ϩa ji ) and a i j (AS) ϭ(1/2)(a i j Ϫa ji ) are the symmetric and antisymmetric parts of the tensor a i j , and
3 )s 1 (k,z). Here we used that
where P i j (e)ϭ␦ i j Ϫe i j . Note that e i f i j (k) e i f ji (k) because rotation causes a nonzero helicity in the turbulent convection. Here we also took into account that the tensor a i j must be real in r space. We will show that the tensors a i j (a) (k) and a i j (b) (k) contribute to the ␣ tensor, the tensor a i j (d) (k) contributes to the effective drift velocity V
(1) , the tensor a i j (e) (k) contributes to the effective drift velocity V (2) , and the tensor a i j (c) (k) contributes to the effective drift velocity V (3) .
The ␣ tensor
Now we determine the tensor ␣ i j ϭa i j (a) ϩa i j (b) . The integration in k space yields
where Eqs. ͑A57͒ and ͑A58͒ are used for a i j (a) (k) and
, and hereafter we use the following functions:
For example,
the functions I mn (2) () and M mn (3) () are determined by Eqs.
͑A40͒ and ͑A41͒, M i j (y)ϭe mn Ī i jmn (y), and the functions Ī i j (z) and Ī i jmn (z) are determined by Eqs. ͑B1͒ and ͑B2͒ of Appendix B. Now we use the following identities:
where L k are determined by Eqs. ͑C3͒ of Appendix C. Thus, the ␣ tensor, ␣ i j ϵa i j (a) ϩa i j (b) , is given by Eq. ͑22͒. For a slow rotation (Ӷ1) the tensor ␣ i j is given by
͑A67͒

The effective drift velocity
Now we determine the effective drift velocity
ϩV m (2) , where
For the integration in k space, we used Eqs. ͑A60͒ and ͑A61͒ for a i j (d) (k) and a i j (e) (k), respectively. Using the following identities: 
where P i jmn
In order to determine the effective drift velocity V k (3) , we use the following identities: and we used Eqs. ͑B1͒-͑B9͒ of Appendix B and Eqs. ͑C2͒ and ͑C3͒ of Appendix C. Thus, the effective drift velocity V (3) is given by Eq. ͑35͒.
APPENDIX B: THE IDENTITIES USED FOR THE INTEGRATION IN k SPACE
To integrate over the angles in k space we used the following identities: and J 0 (a)ϭ2arctan(ͱa)/ͱa. In the case of aӶ1 these functions are given by
2kϩ5 ͬ , and for aӷ1 they are given by J 2k (a)ϳ2/a(2kϪ1) for all integer k except for kϭ0 and J 0 (a)ϳ/ͱaϪ2/a. Now we introduce the following functions: The integration in Eq. ͑B11͒ yields
for p 1 and all integers k except for kϭ0. When pϭ1 and k 0 we get
When kϭ0 we obtain
͑ nϪm ͒m!͑ nϪm ͒! ͬ .
͑B15͒
Equation ͑B14͒ is for all integers nϾ1, and J 0 (0) () ϭ(12/)͐ 0 ͓arctan(y)/y͔dy. For nϭ0 and nϭ1, the third term with the sum in Eq. ͑B15͒ should be dropped. In order to use Eq. ͑B12͒ for pϭ2 we need to know the function J 2k (0) (), which is given by
In the case of Ӷ1, these functions are given by E 9 ͑ ͒ϭϪ͑ 3/2͒͑Ϫ1 ͒ 1 ͕C 2 (2) ͖Ϫ6 2 ͑ Ϫ1 ͒ 4 ͕L 6 ͖, 
